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568a Tuesday, February 28, 2012estimated the energy difference between the pre- and post-state of the lever arm
to be 3.0 kBT (that is, maximum work of the lever arm). This was far less than
the 13 kBT work we observed during the Brownian search-and-catch. We
furhter discuss theories on how the Brownian search-and-catch produces me-
chanical work.
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Full-length myosin Va (myoVa) is auto-inhibited via a motor domain-globular
tail interaction, unlike the truncated constitutively active myoVa-HMM. One
potential mechanism to activate the full-length motor is cargo binding to the
tail, which would compete with the head-tail interaction and trigger the mole-
cule to extend and be activated for transport.
In the absence of cargo, it was recently shown that full-length myoVa has two
modes of interaction with actin in the presence of MgATP (Armstrong et al.).
Most motors bind to actin but do not move, while the remainder show proces-
sive motion, but with a variable stepping pattern and altered gating. Here we in-
vestigate how binding of melanophilin (Mlph), which links the melanocyte-
specific isoform of myoVa to the Rab27a(GTP)-melanosome complex, affects
the properties of myoVa at the single-molecule level.
In the absence of Mlph at 150mM KCl, a subset of Quantum dot labeled full-
length myoVa moved at a median velocity of 566nm/s with the variable step-
ping pattern previously described, suggesting altered gating under these condi-
tions. Addition of Mlph recruited 7-times more motors to move processively,
consistent with a simple model of cargo activation. The myoVa-Mlph complex
also showed increased run lengths, with many traveling to the ends of the actin
filament. In the presence of Mlph, myoVa moved much more slowly (median
velocity=76nm/s), leading to longer travel times on actin. When Mlph was
bound to the motor the step sizes were normally distributed around 60 5
14nm (SD) steps. Therefore, while myoVa moves more slowly along actin in
the presence of the cargo adapter protein Mlph, it covers a greater distance
with a more uniform and efficient stepping pattern. This slower processive
movement could potentially facilitate binding of the Rab27a(GTP)-
melanosome complex.
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Myosin Va is a processive molecular motor that transports intracellular cargo
along actin filament tracks. In vivo, multiple myosin Va motors, attached to
the same cargo, must interact but the mode of interaction is far from certain.
We have shown that oppositely-directed myosins synchronized their stepping
while engaged in a tug of war (Ali et al. 2011). Therefore, to understand the
mechanical interactions between multiple motors of the same type, we have de-
veloped a simplified in vitro model in which two individual myosin Va were
linked via a Qdot-cargo. To monitor each motor’s stepping dynamics, one
head of each motor was labeled with either a red or a green Qdot. For this
two motor complex, velocity was reduced 1.3 - fold while run length increased
1.6 - fold. The leading motor must experience a resistive load from the trailing
motor to account for the velocity reduction and why the leading motor has an
11% back step probability. When motors in the complex were close together
(~36 nm), their stepping appeared independent. However, when the distance
between them grew larger (>72 nm), they began to synchronize their stepping
as the tension in the linkage between them presumably rose. We relate the find-
ings with a model of two coupled stochastic steppers in which the stochasticity
of motor steps stretches the linkage, while the stiffness of the linkage limits the
intermotor distance and synchronizes their stepping. Even in this simplified
model system, mechanical interactions between two identical motors are com-
plex but will help define the collective mechanics of larger motor ensembles.
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The number of processive motors attached to a cellular cargo influences its
transport behavior. Altering either motor number or the ratio of differentclasses of motors can therefore be a mechanism to regulate intracellular
transport. Jamison et al. recently showed that two kinesin-1 motors coupled
by a DNA scaffold have transport properties that are often dominated by one
of the motors. Here we perform a similar experiment with myosin Va (my-
oVa), which has a larger step size (~36nm) and walks on a smaller track than
kinesin. A heterodimeric myoVa was labeled on only one head with either
a red or green quantum dot (Qdot). Two myoVa molecules were then linked
to an ~50 nm long double-stranded DNA scaffold. Only complexes with one
red and one green Qdot were analyzed. Our results show that the complex
has increased run length (~1mm) compared to a single myoVa (~0.6mm). Av-
erage run lengths are, however, smaller than those predicted for two myosins
assuming motor stepping, binding, and detachment is unaffected by intermo-
tor interactions. Furthermore, the motor complex moved with reduced veloc-
ity (0.19 mm/s versus 0.27 mm/s for the single motor case). A histogram of
the distances between the labeled heads of the two motors contains multiple
peaks at ~85, 130 and 165 nm, indicating the system is flexible. The distance
between motors changes in time and the stepping pattern of the two motors
are variable, suggesting asynchronous motor stepping. After the first motor
binds to actin, the second motor binds at ~10 s-1. Our findings suggest
that the walking behavior of two myoVa molecules is altered when they
are coupled mechanically, but perhaps in a different way than multiple kine-
sins. Our technique constitutes a unique tool to understand collective motor
behavior.
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Myosin superfamily proteins have diverse mechanical properties adapted for
specific cellular tasks. Specialized dimeric myosins are capable of processive
hand-over-hand motion along actin filaments. We have used protein engineer-
ing to explore structural requirements for processivity. Previous work has
shown that processivity can be retained with artificial lever arms, without re-
quiring detailed tuning of lever arm structure or mechanics[1-4]. However,
we have found that myosins engineered for desired characteristics such as bi-
drectionality[4] are often less processive than natural motors. We asked
whether processivity could be enhanced using two strategies: (1) multimeriza-
tion to form three-headed and four-headed myosins, and (2) introduction of
flexible spacers in lever arms. Models of uncoordinated stepping predict that
trimeric and tetrameric myosins should be much more processive than their di-
meric counterparts. However, coordinated stepping mechanisms may be dis-
rupted by the presence of additional heads. Similarly, the introduction of
flexible spacers may increase the accessibility of actin binding sites for subop-
timal lever arm geometries, but is also expected to abrogate strain-mediated co-
ordination between heads. After characterizing a panel of myosins with
engineered lever arms and multimerization domains, we have found that (1) tri-
mers and tetramers show large improvements in processivity over dimers, and
(2) the addition of flexible regions greatly enhances the processivity of con-
structs with short lever arms. Our findings reinforce the the idea that gating
is dispensable for processivity in high duty ratio myosins[3] and yield general
strategies for increasing processivity in engineered myosins for use in synthetic
biology or nanotechnology applications.
[1] J.C. Liao et al. J. Mol. Biol. 2009.
[2] M. Amrute-Nayak et al. Angew. Chem. Int. Ed. 2010.
[3] M.W. Elting et al. Biophys. J. 2011.
[4] L. Chen, M. Nakamura, T.D.S., and Z.B. Submitted.
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Engineering molecular motors with dynamically controllable properties will al-
low selective perturbation of mechanical processes in vivo. We are developing
a set of engineered actomyosin motors in which external signals trigger changes
in lever arm geometry and mechanics, with predictable effects on motor prop-
erties such as directionality, step size, and processivity. Building on earlier pro-
tein engineering studies of directionality determinants [1-2], we previously
constructed myosin motors that respond to a change in [Caþþ] by reversing
their direction of motion along the polarized actin filament [3]. Our designs re-
lied on triggering rigid-to-flexible transitions in chimeric lever arms. We have
now extended this work by constructing myosins that respond to optical signals,
rather than metal ions. Light is a versatile control signal that can be readily
modulated in time and space, and is generally orthogonal to cellular signaling.
Using structure-guided protein engineering, we have incorporated photorecep-
tor domains into the lever arms of chimeric myosin motors. We have generated
Tuesday, February 28, 2012 569amotors that either speed up, slow down, or switch directions in response to il-
lumination. These genetically encoded motors should be directly deployable in-
side living cells, and may also be useful for controlling directed transport
outside of cellular contexts.
[1] Tsiavaliaris G, Fujita-Becker S, Manstein DJ. (2004). Nature, 427, 558-561.
[2] Liao J, Elting MW, Delp, SL, Spudich, JA, Bryant Z. (2009). J. Mol. Biol,
392, 862-867.
[3] Chen L, Nakamura M, Schindler TD, Bryant Z. Submitted.
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Myosin V is a dimeric molecular motor, which transports organelles toward
the barbed end of actin filaments in cells. Its highly efficient unidirectional
motility requires the coordination of ATPase cycles in two head domains,
to ensure that the rate-limiting ADP release almost exclusively occurs in
the trailing head and the motor steps forward. Single-molecule measurements
revealed that the directional loads modulate the kinetics of nucleotide binding
to myosin V, suggesting that the head-head communication may be based on
intramolecular load, generated when both heads are bound to actin. Here we
directly tested the effect of the intramolecular load on the processive stepping
of myosin V, using point mutations in the converter domain, which are in-
ferred to reduce intramolecular load but do not affect the nucleotide binding
or actin affinity. The converter is a compact structure, which transmits tiny
conformational changes, induced at the nucleotide-binding site in the process
of ATP hydrolysis, to the lever arm. To disturb the transmission mechanism,
we replaced with alanines, one at a time, two phenylalanine residues that
form a hydrophobic cluster with the C-terminus of the relay helix. The ef-
fects of the mutations on the myosin’s V motility were tested by multiple ki-
netic and single-molecule assays. We found that the F749A mutation
significantly increases the proportion of backward steps, whereas the
F697A mutation completely abolishes the processive stepping of myosin V.
These results provide strong experimental evidence that the efficient unidirec-
tional processive stepping of myosin V is ensured by the head-head commu-
nication based on the intramolecular load, which coordinates ATPase cycles
in two motor domains.
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Myosins are involved in many cellular tasks, including organelle trafficking,
cytokinesis, maintenance of cell shape, and muscle contraction. Different my-
osins perform different tasks with distinct mechanical and chemical character-
istics. Although their core structures are similar, their subtle differences in
sequence can cause drastic differences in these characteristics. This study
used sequence analysis to identify conserved and unique structures of several
myosin families including myosin II, myosin V, and myosin VI. Using myosin
VI as an example, we identified several myosin VI-specific residues where all
myosin VI proteins have an identical amino acid but no other myosin has the
same amino acid in the same aligned column. P444 may contributes to the
weaker binding to actin in myosin VI comparing to myosin II and V. M701
is located at the tip of SH1 helix which is the linkage between motor domain
and converter. F763 is located in the converter which strongly interacts with
the motor domain to position the converter. This method can also be applied
to other myosin families to gain mechanistic understanding of myosin
functions.
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Myosin VI is an ATP driven molecular motor that functions as both a vesicle
transporter and a cytoskeletal anchor. Recently, we reported that myosin VI
generates three types of steps by taking either a distant binding or adjacent
binding state. The adjacent binding state is unique to myosin VI and therefore
may help explain some of myosin VI’s distinct features including its dual func-
tions. To better understand this state, we performed simultaneous observations
of the head and tail domains and of the two head domains during motility. We
found that the lever arms tilt forward in the adjacent binding state and that thenucleotide binding affinities are similar to that of the rear head domain in the
distant binding state. From these results, we propose a model for how the ad-
jacent binding state leads to myosin VI dual function.
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Myosin VI is an unconventional myosin motor that moves towards the minus
end of actin filaments. The motor is known to interact with various binding
partners and function as an anchor and a vesicle carrier in many diverse
functions, including endocytosis and exocytosis. The multiple functions are
likely to be regulated through the binding partners. The functional units of
the motor (monomers/dimers) and the effects of binding partners remain
unclear.
Here we present a quantitative FRET based assay to measure the association
of binding partners and determine the effect upon the oligomeric state of
myosin VI. We have shown that myosin VI tail forms relatively tight inter-
actions with the binding partners NDP52 (Kd 1 mM) and Dab2 (Kd 5 mM).
We also found that these binding partners oligomerize myosin VI, increasing
the affinity of oligomerization from >80 mM to 4 mM. We purpose this is
achieved by the binding partners relieving auto-inhibition of the cargo-
binding domain. Furthermore, we have characterized the interactions of bind-
ing partners with full length myosin VI using size-exclusion chromatography
and sucrose density gradients. Single molecule photobleaching assays have
been performed to determine the stoichiometry of the complexes. Functional
measurements have been carried out using ATPase and single molecule mo-
tility assays in the presence of the binding partners to determine effects upon
the motor activity.
Supported by DFG, SFB-863, Freidrich Baur-Stiftung and EMBO.
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The molecular motor myosin VI has been implicated in endocytosis, a traffick-
ing pathway mediating intracellular uptake of items such as membrane recep-
tors and nutrients. Previous studies demonstrate the localization of the large
insert isoform of myosin VI to clathrin-coated vesicles and the no insert iso-
form of myosin VI to early endosomes. The kinetics of myosin VI function-
ality on these endocytic structures has not yet been examined, however. This
study uses fluorescence recovery after photobleaching (FRAP) to examine the
turnover kinetics of the no insert and large insert isoforms of myosin VI dur-
ing endocytosis. The results demonstrate that myosin VI turns over dynami-
cally on endocytic structures and that different isoforms on different
intracellular compartments have distinct turnover rates. The FRAP assay sys-
tem is then implemented with a novel live cell expression of an artificial di-
mer of myosin VI to demonstrate the dimeric functionality of myosin VI on
endocytic structures in vivo. Further studies of the turnover rates of the my-
osin VI binding partner Dab2 on clathrin-coated structures demonstrate that
Dab2 turns over more rapidly than full length myosin VI, a novel indication
of the relative turnover rates of a motor protein versus its binding partner on
a given cellular compartment. The turnover kinetics of specific myosin VI
motor domain mutants on endocytic structures are also examined, e.g. the
D179Y mutant implicated in progressive hearing loss, a study which offers
insight into the functional source of myosin VI-related deafness. In addition
to providing insight into the endocytic functionality of myosin VI, these
FRAP studies offer general insight into the dynamics of myosin motor pro-
teins on intracellular structures, the functional differences between isoforms
of given myosin proteins, and the comparative turnover rates of myosin pro-
teins and their binding partners.
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The shaker-1 mice carry a missense mutation in the myosin VIIa gene (R502P)
and exhibit deafness, circling behavior and mild retinal degeneration.
